Switchgrass (Panicum virgatum L.) has been promoted as a potential feedstock for cellulosic biofuel in the United States. Switchgrass is known to respond to N fertilizer, but optimal rates remain unclear. Given the potential nonlinear response of nitrous oxide (N 2 O) emissions to N inputs, N additions to switchgrass above optimal levels could have large impacts on the greenhouse gas balance of switchgrass-based biofuel. Additionally, N additions are likely to have large impacts on switchgrass production costs. Yield, N removal, and net returns were measured in switchgrass receiving 0 to 200 kg N ha The 3-yr averages of fertilizer-induced emission factors were 0.7, 2.1, and 2.6% at 50, 100, and 150 kg N ha −1 , respectively. Removal of N at harvest increased linearly with increasing N rate. Switchgrass yields increased with N inputs up to 100 to 150 kg N ha −1 , but the critical N level for maximum yields decreased each year, suggesting that N was being applied in excess at higher N rates. Net returns were maximized at 100 kg N ha −1 at both a high and low urea cost (US$394.71 and $945.91 ha −1 , respectively). These results demonstrate that N inputs were necessary to increase switchgrass productivity, but rates exceeding optimal levels resulted in excessive N 2 O emissions and increased costs for producers. There is a large body of evidence showing that N 2 O emissions from soils increase with increasing N inputs, including synthetic fertilizer (Bouwman et al., 2002; Stehfest and Bouwman, 2006; Kim et al., 2013; Shcherbak et al., 2014) . To account for the effect of N fertilizer on N 2 O in GHG inventories, the Intergovernmental Panel on Climate Change (IPCC) Tier 1 method uses an emission factor (EF) of 1%, which assumes that 1% of fertilizer N is directly emitted as N 2 O (De Klein et al., 2006) . However, there is a growing body of evidence that suggests N 2 O emissions increase nonlinearly with increasing N inputs. In two meta-analyses of N 2 O response to N rate, 71 datasets were best explained by exponential models, 35 by linear models, and 13 by hyperbolic models (Kim et al., 2013; Shcherbak et al., 2014) . A nonlinear response of N 2 O emissions to N inputs could result in N 2 O losses much larger than would be predicted by a single EF, especially if N inputs exceed plant requirements. These losses could be especially important in the context of bioenergy production, where N inputs are necessary to maximize biomass production, but the resulting N 2 O emissions could cause biofuels to be a net source of GHG emissions (Crutzen et al., 2008; Smith et al., 2012) 
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Impact of Nitrogen Application Rate on Switchgrass Yield, Production Costs, and Nitrous Oxide Emissions Andrew R. McGowan,* Doo-Hong Min, Jeffery R. Williams, and Charles W. Rice N itrous oxide (N 2 O) is a greenhouse gas (GHG) with a global warming potential 298 times that of carbon dioxide (CO 2 ) and has the third largest radiative forcing of anthropogenic GHGs (Myhre et al., 2013) . Nitrous oxide emissions from agricultural soils account for 4.7% of total GHG emissions and 74.8% of N 2 O emissions in the United States (USEPA, 2014) . Applications of synthetic fertilizer are an important source of N 2 O, accounting for 22% of emissions from US agricultural soils (USEPA, 2014) .
There is a large body of evidence showing that N 2 O emissions from soils increase with increasing N inputs, including synthetic fertilizer (Bouwman et al., 2002; Stehfest and Bouwman, 2006; Kim et al., 2013; Shcherbak et al., 2014) . To account for the effect of N fertilizer on N 2 O in GHG inventories, the Intergovernmental Panel on Climate Change (IPCC) Tier 1 method uses an emission factor (EF) of 1%, which assumes that 1% of fertilizer N is directly emitted as N 2 O (De Klein et al., 2006) . However, there is a growing body of evidence that suggests N 2 O emissions increase nonlinearly with increasing N inputs. In two meta-analyses of N 2 O response to N rate, 71 datasets were best explained by exponential models, 35 by linear models, and 13 by hyperbolic models (Kim et al., 2013; Shcherbak et al., 2014) . A nonlinear response of N 2 O emissions to N inputs could result in N 2 O losses much larger than would be predicted by a single EF, especially if N inputs exceed plant requirements. These losses could be especially important in the context of bioenergy production, where N inputs are necessary to maximize biomass production, but the resulting N 2 O emissions could cause biofuels to be a net source of GHG emissions (Crutzen et al., 2008; Smith et al., 2012) . Many studies have demonstrated the potentially large effect that N 2 O can have on the GHG balance of biofuel. Adler et al. (2007) conducted a life-cycle assessment on firstand second-generation biofuel produced from various crops and found that N 2 O emissions represented the largest GHG source in each case. Kim and Dale (2009) conducted a life-cycle assessment on soybean [Glycine max (L.) Merr.]-based biodiesel and corn (Zea mays L.)-based ethanol and found N 2 O emissions to contribute 13 to 57% and 11 to 37% of the total GHG emissions for biodiesel and ethanol, respectively. Klemedtsson and Smith (2011) used field measurements of N 2 O in a life-cycle assessment of ethanol from wheat (Triticum aestivum L.) and found N 2 O emissions to contribute 18 to 57% of GHG emissions. In a review of studies on GHG emissions from direct land-use change in bioenergy systems, Don et al. (2012) found that, on average, direct N 2 O emissions contribute 27% of the GHG emissions of biofuels from food crops, with contributions ranging between 5 and 80%. Because biofuels are promoted as one strategy to reduce GHG emissions in the transportation sector, it is essential to quantify the N response and resulting N 2 O emissions from bioenergy crops to ensure that they are managed in a way that maximizes productivity while minimizing GHG emissions.
Switchgrass (Panicum virgatum L.) has been promoted as a potential feedstock for cellulosic biofuel in the United States. It has a number of desirable characteristics giving it advantages over both first-generation and other cellulosic feedstock sources: no annual establishment costs, low inputs of fertilizer and pesticides, a well-established seed industry, the ability to grow on and improve the quality of marginal soils, and the potential to produce high amounts of biomass (Mitchell et al., 2008; USDOE, 2011) . Switchgrass can produce high yields without N inputs, but optimizing yields may require N additions (Mitchell et al., 2008) . In a meta-analysis of switchgrass productivity, Wullschleger et al. (2010) found that switchgrass responded significantly to N additions, with an optimum rate of ~100 kg N ha −1 . However, many studies have observed yields in unfertilized stands to be similar to those receiving N inputs (Wullschleger et al., 2010; Kering et al., 2012; Sadeghpour et al., 2014; Wile et al., 2014) . These findings illustrate the need for more studies to characterize switchgrass response to N across a range of conditions.
Few studies have examined explicitly the impact of N rate on the costs of production and economic returns of switchgrass. However, costs of production have been found to vary nearly 200%, depending on assumed switchgrass yields (Duffy and Nanhou, 2002) . Estimates of switchgrass production costs vary substantially, ranging from US$44 to $149 Mg −1 (Hallam et al., 2001; Duffy and Nanhou, 2002; Khanna et al., 2008; Vadas et al., 2008; Mooney et al., 2009; Perrin et al., 2012; Haque et al., 2013) . Much of the variation may be accounted for in assumed switchgrass yield, N inputs, and assumptions regarding land cost.
Given the potential importance of N inputs on switchgrass yields, costs of production, and N 2 O emissions, studies that examine the relationship between these factors are needed to develop switchgrass systems that can mitigate GHG emissions while remaining economically viable. The objectives of this study were (i) to characterize the yield and N 2 O response of switchgrass to N fertilizer, and (ii) to determine the costs of production and net economic returns of switchgrass across N fertilizer rates.
Materials and Methods

Study Site
This experiment was conducted from 2012 to 2014 at the Kansas State University Agronomy Research Farm in Manhattan, KS (39°11¢ N, 96°35¢ W). The soil type was a Smolan silt loam (fine, smectic, mesic Pachic Argiustoll). Total soil C content at 0 to 5 cm and 5 to 15 cm was 13.9 and 10.9 g C kg −1 , whereas total N content was 1.31 and 1.07 g N kg −1 at 0 to 5 and 5 to 15 cm, respectively. Bulk density and pH at 0 to 15 cm were 1.43 g cm −1
and 5.9, respectively. Average annual precipitation and temperature at the study site are 824 mm and 12.7°C. Annual precipitation was 478, 617, and 668 mm in 2012, 2013, and 2014, respectively. In spring 2008, 'Cave-in-Rock' switchgrass was seeded with a grass drill at a depth of 0.6 to 1.3 cm after disk and field cultivation. The seeding rate was 4 kg pure live seed ha −1 with 20.3-cm row spacing. No fertilizers or other inputs were applied from establishment through 2011. Switchgrass was burned annually in spring through 2012, which is a common practice for warmseason grasses in the Kansas Flint Hills region. Prior to switchgrass establishment, the study site was planted with winter wheat. Starting in 2012, N fertilizer treatments were assigned to 3.0-m ´ 6.1-m plots arranged as a randomized complete block design with four replicates. Nitrogen treatments were 0, 50, 100, 150, and 200 kg N ha −1 (0N, 50N, 100N, 150N , and 200N, respectively) applied as urea. Urea was hand spread each year once the switchgrass had grown to a height of ~15 cm (on 18 May 2012 , 25 May 2013 , and 28 Apr. 2014 . Switchgrass aboveground biomass was harvested from 0.91-m ´ 1.83-m quadrats using a sicklebar mower on 16, 14, and 12 to 13 November in 2012, 2013, and 2014, respectively. Remaining biomass was cut to a stubble height of 6 cm and removed from the plots. Biomass subsamples were taken for evaluation of gravimetric moisture and total C and N content. Biomass C and N content were determined using a using a Carlo-Erba C and N analyzer (Thermo Finnegan Flash EA1112). All biomass yields are reported on a dry matter basis. Nitrogen use efficiency was calculated as the difference in biomass N (kg ha 
Nitrous Oxide Measurements
Fluxes of N 2 O were measured for the 0N to 150N treatments from May 2012 through October 2014 using static, vented, polyvinyl chloride (PVC) chambers (7.5 cm high ´× 20 cm in diameter), as described in Hutchinson and Mosier (1981) . One PVC anchor (20 cm high ´ 20 cm in diameter) was placed randomly within each plot and was inserted into the soil until 5 cm of the anchor remained above the soil surface. Switchgrass was allowed to grow within the anchors until shoots were too large to fold into the chamber during sampling, at which point the grass was clipped to a height that permitted chamber attachment. This usually occurred around mid-June to July. There is evidence that cutting or grazing of grasses can stimulate root exudation, which can elevate microbial activity (Hamilton and Frank, 2001) . It is possible that this effect may have increased N 2 O emissions due to increased O 2 consumption. Clipping-induced effects on N 2 O emissions in this study were likely minimal, since clipping usually occurred each year after the period of large N 2 O emissions. Gas samples were collected one or two times per week during the growing season and once every 2 to 4 wk for the rest of the year. In 2013 and 2014, gas samples were taken within 4 d before and after urea application. No samples were taken before urea application in 2012, but samples taken 3 d after urea application indicate emissions were low (<5 g N 2 O-N ha
), likely due to dry soil conditions around the time of urea application. During the winter months, on sampling dates when the soil was determined to be frozen, it was assumed there was no N 2 O flux.
On measurement days, chambers were installed on anchors and 30-mL gas samples were removed from each chamber after 0, 15, and 30 min and injected into preevacuated 12-mL Labco Exetainers with Labco gray butyl rubber septa. Gas samples were transported to the laboratory and N 2 O concentrations determined by gas chromatography using a Shimadzu Model 14A GC (Shimadzu Corporation) equipped with a 63 Ni electron capture detector and a stainless steel column (0.318-cm diam. ´ 74.5-cm length) with Poropak Q (80-100 mesh). Injector, column detector, and oven temperatures were 100, 300, and 60°C, respectively. A carrier gas pressure of 200 kPa was maintained using 95% argon and 5% methane. The gas chromatograph was calibrated daily using analytical-grade standards containing 0.2, 3.5, and 15.3 mL L −1 N 2 O. The concentration of N 2 O in each sample was converted to micrograms of N 2 O-N per square meter using the equation
where X is micrograms of N 2 O-N per square meter, C was the volumetric concentration of N 2 O (mL N 2 O L −1 ), P was the atmospheric pressure at 304.8 m (97.8 kPa), V was the chamber volume (L), M was the mass of N in N 2 O (28 mg N mmol −1 N 2 O), A was the chamber surface area (m 2 ), R was the universal gas constant (8.314 kPa mL mmol −1 K −1 ), and T was the measured chamber headspace temperature (K) at the time each sample was collected. Nitrous oxide fluxes were calculated from linear regression of the converted N 2 O values over time. Linearity of N 2 O was checked visually and by calculating the R 2 of sampling points. Around 90% of flux measurements >1 g N 2 O-N ha −1 d −1 had R 2 values >0.8, and 80% were >0.9. Total annual flux was estimated using linear interpolation between sampling points and calculation of the area under the curve using the equation
where F i and F i+1 were the N 2 O-N fluxes (g ha −1 d −1 ) at sampling points i and i + 1, t i and t i+1 were the sampling dates ( Julian date) at sampling points i and i + 1, and n was the number of sampling points taken in a given year. Fluxes after switchgrass harvest were minimal in 2012 and 2013, so no gas samples were collected after harvest in 2014. Fertilizer-induced EFs were estimated by dividing the difference between total annual emissions at a given N rate and emissions at 0N by the rate of N applied.
Ancillary Measurements
On each gas sampling date, volumetric soil water content and soil temperature were measured. Volumetric soil water content was measured at the 0-to 5-cm soil depth using a Stevens Hydra Probe II soil sensor (Stevens Water Monitoring Systems). Soil water content was converted to percentage water-filled pore space using soil bulk density values. Soil temperature was measured at a soil depth of 5 cm. Soil samples were taken at 0-to 5-cm and 5-to 15-cm soil depths five to six times during the growing season for determination of soil NO -N were determined using a continuous flow analyzer (Alpkem Corporation, Bulletins A303-S021 and A303-S170) after extraction with 1 M KCl (soil/solution ratio = 1:5). Daily precipitation and air temperature were collected at a meteorological station <100 m from the study site (Kansas State University, 2014).
Net Return and Cost of Production
The net return to land and management was estimated for switchgrass at different levels of N fertilization using the 3-yr average yields at each N level measured in this study. Costs of inputs, field operations, and harvest are displayed in Table 1 . Field operations and harvest costs were based on values reported for brome hay management in eastern Kansas (Ibendahl et al., 2015) . Herbicide rates and prices for control of broadleaf weeds during switchgrass establishment were based on values recommended for weed control in native grasses by Thompson et al. (2015) . The cost of urea was based on the March 2013 ($1.42 kg The gross return was estimated using the 2016 average weekly minimum and maximum grass price ($65.68 Mg −1 ) in Kansas as a proxy for switchgrass price (USDA-AMS, 2017). Switchgrass stands were assumed to have a life of 11 yr. It was assumed that switchgrass was not harvested in Year 1 due to low yields that are typical immediately after establishment. All costs and returns are presented as net present values at switchgrass stand establishment, using a real annual discount rate of 2.91%, which assumes a nominal discount rate of 6% and 3% inflation.
Statistical Analysis
Differences in EFs, biomass N concentrations, and soil NO 3 − and NH 4 + were evaluated by ANOVA using PROC GLIMMIX (SAS Institute, 2011). Soil NO 3 − and NH 4 + were analyzed separately by each year and depth using N rate, sampling date, and the interaction between N rate and sampling date as fixed effects and block as a random effect. When significant covariance between sampling dates was detected, sampling date was modeled as a repeated variable using the covariance structure providing the best model fit according to the Akaike information criterion. Total annual N 2 O, biomass N and EF were analyzed using year, N rate, and year ´ N rate as fixed effects and block as a random effect. All data were checked for normality and homogeneity of variance. When the assumption of homogeneous variance was not met, model residual variance was allowed to vary using the 'GROUP' option in the 'RANDOM' statement of GLIMMIX. Nonnormal data was logarithmically transformed, and means were converted back to their original scale for presentation. Mean separation was performed using Fisher's LSD. Switchgrass biomass yield and biomass N removal were analyzed using linear and nonlinear least square regression using 'lm ' and 'nls' in R 3.2 (R Core Team, 2015) . Linear and linear-plateau models were fit to each year of biomass yield data. The model providing the best fit each year was selected on the basis of the Akaike information criterion.
Results
Soil Nitrogen
There was a significant interaction of N rate and sampling date on soil NO 3 − and NH 4 + for all 3 yr at the 0-to 5-cm depth. At 0 to 5 cm, NO 3 − and NH 4 + increased rapidly after fertilizer application, with the highest measured levels (20-40 kg N ha −1 ) occurring between mid-May and mid-June (Fig. 1) . Soils receiving higher N rates had more NO 3 − and NH 4 + in the month after fertilizer application, although these differences were not always significantly different from adjacent N rates. As the growing season progressed, concentrations decreased toward background levels. Minimal differences were found between N treatments after July, except in 2012, where soil NO 3 − and NH 4 + remained significantly above background levels until August.
At 5 to 15 cm, there was much less variation in soil NO 3 − over the growing season, typically varying by no more than 6 kg N ha −1 . Only NO 3 − in 2013 showed a significant interaction of N rate and sampling date at 5 to 15 cm. The effect of sampling date on NO 3 − and NH 4 + was significant for all 3 yr at the 5-to 15-cm depth. Soil NO 3 − and NH 4 + increased with increasing N rate, but only the differences between the highest N rate treatments and the unfertilized control were significant (data not shown).
Seasonal Nitrous Oxide Emissions
Daily N 2 O emissions varied greatly over the study period, with the highest fluxes occurring in late May and early June after N fertilizer application and rainfall events (Fig. 2) , respectively) after rainfall totaling 27 and 11 mm, respectively. The largest fluxes throughout the study were observed between 22 May and 11 June 2014. Over 208 mm of rain fell during this period, resulting in wet soil conditions and fluxes up to 470 g N 2 O-N ha −1 d −1 (at 150N). In all 3 yr, the largest fluxes usually occurred in soils receiving high rates of N fertilizer (100N-150N) and occurred when soil water-filled pore space was 55 to 65%. Fluxes in the unfertilized control were much lower (<15 g N 2 O-N ha −1 d −1 ). Fluxes also occurred in July and August after rainfall events, but these tended to be lower than fluxes observed in May and June. Few fluxes were observed after September, even when soil water-filled pore space rose above 60%.
Total Nitrous Oxide Emissions
In all 3 yr, the majority of total annual N 2 O emissions occurred in May and June. In 2012, between 80 and 90% of total annual N 2 O was emitted by 1 July from soils receiving N fertilizer. Soils receiving N fertilizer had emitted 40 to 70% of total N 2 O by 1 July 2013 and 72 to 95% by 1 July 2014. In the unfertilized control, total annual N 2 O increased throughout the year, with only 34 to 45% occurring by 1 July. This was likely due to the absence of large N 2 O fluxes caused by N fertilizer inputs.
Total annual N 2 O increased with significantly with increasing N fertilizer rate (Table 2) . Average emissions increased from 0.2 to 3.0 kg N 2 O-N ha −1 at 0N and 150N. Emissions also increased significantly each study year (Table 2) . Average emissions were 0.4, 0.9, and 1.7 N 2 O-N ha −1 in 2012, 2013, and 2014, respectively. Emission factors varied significantly between N fertilizer rates, but not between years ( Table 2) . The EF at 150N was significantly higher than the EF at 50N, but not significantly different from the EF at 100N.
Biomass Yield
Switchgrass biomass production responded positively to low rates of N fertilizer but plateaued at higher N rates (Fig. 3) . In all 3 yr, the linear-plateau model best described switchgrass yield response. The critical level of N at which maximum yield was attained was similar in 2012 and 2013 (161 and 156 kg N ha −1 ) but lower in 2014 (79 kg N ha −1 ) (Fig. 3) . Switchgrass yield increased in each year of the study, but yields plateaued at similar levels in 2013 and 2014 (9.6 and 10.2 Mg ha −1 ). Maximum yield was lower in 2012 (6.1 Mg ha −1 ). Biomass N concentration varied significantly over different N rates and between years (Table 2). Biomass N was significantly higher at 150N and 200N than at lower N rates when averaged over all years. There were no other significant 
Net Return and Cost of Production
The net return and cost of production estimated using the 3-yr average yields varied depending on N rate and the price of urea (Table 3 ). The cost of production per hectare increased with increasing N rate. Production costs were $1550 ha −1 at 0N and increased to $4424 and $5526 ha −1 at 200N (low and high urea price, respectively). Most of the increase in cost between 0N and 200N was from increased urea and baling costs during harvest. The impact of N rate on net return to land and management varied with the price of urea. At the low urea price, net returns were positive at all N rates. At the high urea price, net returns were negative at N rates >100N. At both urea prices, net returns were maximized at 100N ($946 and $395 ha −1 at the low and high price, respectively). The increase in net returns between 0N and 100N was greater at the low urea price ($642 ha −1 ) than at the high urea price ($91 ha −1 ).
Discussion
Switchgrass yield response to N fertilizer tends to be positive but highly variable (Parrish and Fike, 2005; Mitchell et al., 2008; Wullschleger et al., 2010) . In a meta-analysis that included switchgrass studies from 39 sites in 19 states, Wullschleger et al. (2010) found that the optimum N rate for switchgrass was ~100 kg N ha −1 . These findings are in agreement with the yield response of switchgrass in our study, which responded positively to fertilizer rates but reached optimum levels between 79 and 161 kg N ha −1 . Wullschleger et al. (2010) reported an average yield for upland switchgrass ecotypes to be 8.7 Mg ha −1 , which was similar to yields of treatments >100 kg N ha −1 in this study. Although many studies have found that switchgrass responds N additions, there have been several studies that observe no response to N (Parrish and Fike, 2005; Wullschleger et al., 2010) . Lack of switchgrass yield response to N is usually attributed to the ability of switchgrass roots to scavenge N in the soil profile, to the internal recycling of N, and to N available from the mineralization of soil organic matter (Parrish and Fike, 2005) . The organic matter content of the study site was relatively low (soil C content was 13.9 and 10.9 g C kg −1 at 0 to 5 cm and 5 to 15 cm, respectively), which may have minimized N contributions from mineralization and increased the likelihood of switchgrass response to N additions.
Switchgrass yields increased and the critical N rate at which maximum yields were achieved decreased during the study. Annual precipitation was substantially lower in 2012 than in 2013 to 2014 (478, 617, and 668 mm, respectively) and 41% below the 30-yr average (824 mm), which may partially explain the lower yields. However, an 80-kg N ha −1 decrease in the critical N rate as well as observations of increased prefertilization green-up and growth of fertilized plots in 2013 and 2014 suggest that there may have been N carryover between years. Soil inorganic N levels did not show signs of residual N at 0 to 15 cm, but it is possible N was accumulating deeper in the soil profile. It is also possible that much of the carryover was from N stored in switchgrass roots. Studies have observed increases in switchgrass root biomass N concentrations with increasing N rate, and root N stocks as high as 315 kg N ha −1 (Heggenstaller et al., 2009; Garten et al., 2011) . Many studies have observed decreases in aboveground biomass N accompanied by increases in root or -square mean biomass N concentration, total annual  N 2 O, and emission factor (EF) by year and by N fertilizer rhizome N of warm-season grasses at the end of the growing season, suggesting that translocation of N to belowground biomass occurs during senescence (McKendrick et al., 1975; Clark, 1977; Dell et al., 2005; Lemus et al., 2008b) . Additionally, fertilizer N taken up by perennial grasses may be retained for several years after application (Dell et al., 2005 , Lemus et al., 2008b . Availability of N translocated to belowground biomass in subsequent growing seasons could explain why the critical N rate of switchgrass decreased throughout the study.
Both switchgrass biomass N concentration and N removal increased with increasing N fertilizer. Several studies have observed increases in switchgrass N concentration at higher N rates (Lemus et al., 2008a; Heggenstaller et al., 2009; Garten et al., 2011) . Other studies have also observed increases in N removal with increasing yield (Parrish and Fike, 2005; . Removal of N accounted for 20 to 50% of fertilizer N applied each year. Removal at 0N was 7 to 17 kg N ha −1
. These results, as well as the positive yield response to N, demonstrate that N inputs would be necessary to maintain long-term productivity in switchgrass at this study location.
The majority of N 2 O emissions occurred within 2 mo of fertilizer application. At N rates >100 kg N ha −1 , >70% of N 2 O was emitted by 1 July. Differences in precipitation during this period of time partially explain differences observed between the maximum N 2 O emissions, which occurred at 150N all 3 yr. Annual fluxes were highest in 2014, when 274 mm of precipitation fell within 2 mo of fertilizer application. Only 105 and 133 mm of precipitation fell in the 2 mo after fertilizer application in 2012 and 2013, and maximum fluxes were 34 and 58% lower than in 2014, respectively. Similar to this study, Wile et al. (2014) observed elevated N 2 O emissions immediately after fertilizer application in switchgrass, which declined rapidly once the plants began taking up N. Large N 2 O emissions after N application have also been observed in corn. Smith et al. (2013) from switchgrass receiving 120 and 112 kg N ha −1 , respectively. The coarser sandy loam soil textures of these two studies, as well as the dry periods after N application in Nikièma et al. (2011) , may have contributed to lower fluxes than those observed in this study at similar N rates.
This study observed significant increases in total annual N 2 O emissions and EFs with increasing fertilizer rate. The statistically significant increase between the EFs at 50N and 150N suggests that the proportion of applied N lost as N 2 O is increasing at higher N rates. These findings are in agreement with a metaanalysis by Shcherbak et al. (2014) , who observed increases in EFs with increasing N rate in 156 out of 233 site-years. Despite significant increases in EFs, all EFs in this study fell within the 95% confidence interval of the IPCC Tier 1 EF (0.3-3.0%) (De Klein et al., 2006) . These results suggest that N fertilizer application beyond switchgrass needs could result in large losses of N 2 O, with negative impacts on the GHG balance of switchgrassbased biofuel.
To make a rough estimate of the contribution of fertilizerinduced N 2 O ethanol to the GHG of switchgrass-based ethanol, the mean measured N 2 O emissions and yields at each N rate in this study were converted to grams CO 2 equivalent per megajoule using the GHG emissions estimate and switchgrass ethanol yield reported in Wang et al. (2012) . The GHG balance using these calculations increased from 22 to 51 g CO 2 equivalent MJ −1 as N rate increased from 50 to 150 kg N ha −1 , respectively. Fertilizer-induced N 2 O emissions contributed 16 to 57% of the total GHG emissions at these N rates. Although these estimates do not account for GHG emissions from changing N rates or from changes in GHG efficiencies due to changing yield, they do illustrate the large impact that fertilizer-induced N 2 O emissions can have on the GHG balance of cellulosic ethanol.
The net return to land and management was maximized at 100N. High yield gains with N additions at rates up to 100 kg N ha −1 resulted in increases in net returns. At N rates above 100N, 3-yr average yield gains from additional N did not offset increases in fertilizer cost, resulting in decreased net returns. Net returns increased from $303.98 at 0N to $945.91 (high urea cost) and $394.71 (low urea cost) at 100N. These results demonstrate the importance of N inputs in increasing the economic efficiency of switchgrass production, but that excessive N can drive up costs. Increasing the price of urea from $0.80 to $1.42 kg −1 N did not change the N rate that maximized net returns but did substantially decrease net returns at the optimum N rate. Net return to land and management, which excludes the cost of land rent, was reported in this study to ease comparison of net returns between N rates. This resulted in lower production costs compared with those of other studies, which were $65 to $84 Mg −1 (Duffy and Nanhou, 2002; Perrin et al., 2012; Haque et al., 2013) . When a land rent of $163 ha −1 was included in this analysis, the production costs were within the range reported in these studies (data not shown). Khanna et al. (2008) , which is similar to the costs reported in this study.
Conclusions
Switchgrass yield responded positively to N fertilizer application at fertilizer rates below 100 to 150 kg N ha −1 , and net returns were maximized at 100 kg N ha −1
. The critical N rate required to reach maximum yield decreased by 82 kg N ha −1 over 3 yr, possibly due to increased subsoil residual N or carryover of N translocated to switchgrass roots at the end of each growing season. Fertilizer-induced EFs were 0.7, 2.1, and 2.6% at 0, 100, and 150 kg N ha −1 , suggesting that fertilizer loss as N 2 O may increase with increasing N rates. The diminishing yield gains and high N 2 O emissions >100 kg ha −1 N suggest that above 100N, N availability may have exceeded plant needs. These results demonstrate the importance of N inputs in maximizing the economic potential of switchgrass, but also that N inputs in excess can result in increased costs and higher GHG emissions that could negatively affect the GHG balance of switchgrass-based biofuel.
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